Although many studies indicate the interplay of genetic and environmental factors in the etiology of autism spectrum disorder (ASD), our limited understanding of the underlying mechanisms hampers the development of effective ways of detecting and preventing the disorder. Recent studies support the hypothesis that prenatal androgen exposure contributes to the development of ASD. This would suggest that maternal polycystic ovary syndrome (PCOS), a condition associated with excess androgens, would increase the risk of ASD in the offspring. We conducted a matched case-control study nested within the total population of Sweden (children aged 4-17 who were born in Sweden from 1984 to 2007). The sample consisted of 23 748 ASD cases and 208 796 controls, matched by birth month and year, sex and region of birth. PCOS and ASD were defined from ICD codes through linkage to health-care registers. Maternal PCOS increased the odds of ASD in the offspring by 59%, after adjustment for confounders (odds ratio (OR) 1.59, 95% confidence interval (CI) 1.34-1.88). The odds of offspring ASD were further increased among mothers with both PCOS and obesity, a condition common to PCOS that is related to more severe hyperandrogenemia (OR 2.13, 95% CI 1.46-3.10). Risk estimates did not differ between sexes. In conclusion, children of women with PCOS appear to have a higher risk of developing ASD. This finding awaits confirmation, and exploration of potentially underlying mechanisms, including the role of sex steroids in the etiology of ASD.
INTRODUCTION
Autism spectrum disorders (ASDs) are more common in boys, with male-to-female ratios reported from 3:1 up to 16:1.
1,2 Although the sex bias may result from difficulties in diagnosing autism in girls, 3, 4 it also suggests that factors in male versus female sexual development may be important for ASD. 5 Neuronal circuits regulating behavioral domains relevant to ASD, such as communication and social interaction, 6 are influenced by sex hormones. 7 Children with ASD share more morphological features of male brains, such as larger brain volume overall and larger amygdalas, 8, 9 exhibit testosterone-related hemispheric asymmetries 10 and have more male-typical cognitive features. 11, 12 Genes regulating sex hormones have also been associated with ASD. 13 Lastly, elevated androgens have been noted after diagnosis with ASD, especially in females. 14, 15 One hypothesis integrating these lines of evidence is that exposure to androgens early in life can modify brain development and mediate the risk of ASD in both genders. 16 A recent study examining steroids in amniotic fluid found that children who later developed ASD had higher levels of hormones along the Δ4 steroidogenic pathway, including the androgens testosterone and androstenedione. 17 However, the source of steroids could not be identified, and the fetus, mother, placenta or other environmental factors might all have contributed to the observed differences between cases and controls.
Polycystic ovary syndrome (PCOS) is a common endocrine disorder, affecting~5-15% of women of fertile age and characterized by hyperandrogenism, ovarian dysfunction and polycystic ovarian morphology. [18] [19] [20] A small clinical study examined scores on autism-rating scales in the offspring of women with PCOS and found an association with higher scores among daughters of affected mothers. 21 Two other studies have explored maternal PCOS diagnosis in the context of maternal infertility as a risk factor for ASD, although these studies were small and lacked statistical power. 22, 23 There have been no large, population-based studies on maternal PCOS and the risk of clinically overt ASD.
Here we examine the relationship between maternal diagnosis of PCOS and the risk of ASD in the offspring in a nationwide case-control study based on prospectively collected health register data. individuals born in Sweden from 1984 to 2011 and followed until 31 December 2011. We matched all cases of ASD in the study population with up to 10 living controls who were without a diagnosis of ASD at the end of follow-up period by birth month and year, sex and region of birth. This study was approved by the regional ethical review board at Karolinska Institutet. Informed consent was not required for the analysis of anonymized register data.
ASD case ascertainment
The ascertainment of ASD is based on data from the National Patient Register (NPR) that contains data on all inpatient care in Sweden since 1973 and outpatient specialist physician care since 2001. ASD case status as of 31 December 2011, was defined as a recorded diagnosis of ICD-9: 299 or ICD-10: F84. A validation study using a CDC protocol for medical record review of autism diagnoses confirmed the presence of DSM-IV autism in 83 out of 88 persons (94.3%) with a diagnosis recorded in the NPR. 25 To assure that children were old enough to receive an accurate diagnosis, 4 children born after 2007 were excluded.
After exclusion of children not born in Sweden, born after 2007, from a multiple birth, adopted and those with missing covariate data (see Figure 1 ), the final sample consisted of 23 748 ASD cases matched to 208 796 controls, with case-control ratio varying from 1:3 to 1:10.
Information on presence or absence of comorbid intellectual disability was available for a subsample of the total Swedish population, the Stockholm Youth Cohort (Supplementary Information). 3, 4 Exposure Maternal PCOS case status was classified according to any lifetime recorded diagnosis (ICD-8: 256.90, ICD-9: 256E and ICD-10: E28.2) within the NPR, supplemented by diagnoses in the Medical Birth Register (MBR). The coverage of the NPR is~99% of all somatic discharge diagnoses, and the validity of the diagnoses is generally high. 26 The MBR includes information on~98% of births in Sweden, with information on the mother, pregnancy, delivery and neonatal period.
We used diagnoses of PCOS diagnosed at any time in life as the exposure, since PCOS is a longitudinal disorder with hormonal and metabolic manifestations, such as increased androgens, throughout the lifespan. 27, 28 Thus, the disorder was considered to be present at pregnancy regardless of timing of the recorded diagnosis.
Covariates
Covariates were identified a priori as potential confounding factors and/or risk factors for ASD. Maternal and paternal ages at the time of birth were categorized as o25, 25-29, 30-34, 35-39, ⩾ 40 years. 29 Data on family income after deduction of taxes were obtained from the Integrated Database for Labor Market Research, adjusted for family size, and categorized into quintiles according to the birth year to account for inflation. 30 The highest education of either parent at the time of birth was classified as compulsory (⩽9 years), high school (10-12 years) or university or higher (⩾13 years). 30 Parental history of psychiatric inpatient and outpatient treatment before the birth of the index child (yes/no) was defined as any psychiatric diagnosis (Chapter V of ICD-8 and -9 or Chapter F of ICD-10) recorded in the NPR. Maternal migrant status was categorized as born in Sweden or outside.
We explored whether obstetric complications influenced the findings of our main analysis, because of reports of increased obstetric complications in mothers with PCOS 31 and associations of obstetric complications with ASD. 32, 33 Apgar score at 5 min was categorized as o7 or⩾ 7 and supplemented by Apgar score at 1 min when the data on the score at 5 min were not available. Size for gestational age was categorized as normal, small for gestational age or large for gestational age. Gestational age was categorized as preterm (o37 weeks), term (37-41 weeks) and post term (⩾ 42 weeks). Gestational diabetes was classified according to ICD-9: 648 W and ICD-10: O24.4 diagnoses recorded within the MBR, or in the NPR during the 9 months before and 1 month after birth of the index child. A similar strategy was used for identifying pre-eclampsia using the following codes: ICD-8: 637.03-637.04, 637.09-637.10, ICD-9: 642E-642H and ICD-10: O14-O15. Birth order was categorized as first born or not according to the MBR.
PCOS increases infertility and women with PCOS more often use assisted reproductive technology. 19 Information on assisted reproductive technology, including in vitro fertilization and intra-cytoplasmic injection, was available in the MBR from 1995 onwards.
Obesity and other features of the metabolic syndrome, including insulin resistance, hypertension and dyslipidemia, are common in PCOS and are related to more severe hyperandrogenemia in women with PCOS. [34] [35] [36] Furthermore, elevated pre-pregnancy body mass index (BMI) has been associated with the risk of ASD. 37 Thus, we explored the roles of prepregnancy BMI and metabolic syndrome in the relationship between maternal PCOS and offspring ASD.
To calculate BMI (kg m −2
) we used weight and height data recorded by midwives at the first visit to a maternal health clinic, at median 10.6 (interquartile range: 9.0-12.6) gestational weeks. Weights o 40 kg or 4140 kg were censored, as were heights o140 cm and 4200 cm. These end points were not captured during 1990-1991 and were incomplete in other years; in total, data were available for 70% of the mother-child pairs in our study. Maternal baseline BMI was categorized by standard convention:
38 underweight (BMIo18.5), normal (18.5 ⩽ BMIo 25), overweight (25 ⩽ BMIo30) and obese (BMI ⩾30). Mothers were classified as having a prior diagnosis of diabetes mellitus according to the codes ICD-8: 250, ICD-9: 250, 648 A, 790C and ICD-10: E10-E11, O24.0-O24.1, if at least one diagnosis was recorded before and including the birth year of the index child (in the NPR and MBR). Diabetes was not differentiated as type I or type II, as these distinctions were not recorded before the use of ICD-10 coding. A similar strategy was used to identify essential hypertension, using the following ICD-codes, ICD-8: 400-404, ICD-9: 401-404, 642 A-642C and ICD-10: I10-I13, O10-O11.
Statistical analysis
Analyses were performed using SPSS, version 20 (IBM, Armonk, NY, USA) and using R version 3.1.2. Conditional logistic regression was used to evaluate the association between maternal diagnosis with PCOS and offspring ASD, first as a crude (unadjusted) estimate (Model 1) and then in a model adjusted for maternal/paternal age, parental psychiatric history, parental income/education and maternal country of birth (Model 2). Mothers without PCOS were used as the reference group. In order to explore whether accounting for obstetric complications influenced the estimated odds ratios (ORs) from Model 2, we used a model additionally adjusted for the following obstetric factors: Apgar score, gestational age, size for gestational age, maternal gestational diabetes and pre-eclampsia (Model 3). We also examined results in sex-stratified models.
The roles of obesity and the metabolic syndrome in the PCOS and offspring ASD relationship were also explored in the subset of mother-child pairs with complete BMI data ( Figure 1) .
First, we repeated the analysis of maternal PCOS and ASD (Models 1-3) in the sub-cohort with BMI data. We tested for potential confounding effects of BMI and features of the metabolic syndrome by further adjusting for BMI, in models that excluded (Model 4) or included (Model 5) obstetric complications. Model 5 was further adjusted to include additional features of the metabolic syndrome; a diagnosis of essential hypertension and/or diabetes (Model 6). Model 5 was also adjusted for birth order (Model 7).
Lastly, we tested for the effects of worsening cardiometabolic profiles amongst women with PCOS, because of the associations of such profiles with hyperandrogenemia in PCOS. We explored whether the risk of offspring ASD was different amongst mothers with the following a priori defined mutually exclusive categories: no PCOS, PCOS, PCOS with obesity and PCOS with obesity and indications of metabolic syndrome. Mothers without PCOS were used as the reference group. Women without PCOS but with obesity, diabetes or essential hypertension were included in the reference group to avoid creation of a non-representative control group. We formally tested for interaction between PCOS and obesity by examining a model that included the cross-product term.
Secondary analyses
For the Stockholm Youth Cohort case-control subsample, the outcome was stratified as ASD with and without intellectual disability and analyses (Models 1-3) were repeated.
Sensitivity analyses
PCOS increases the risk of infertility and infertility treatments might influence offspring health; therefore, we repeated analysis of maternal PCOS for children born after 1995, adjusting for use of assisted reproductive technology.
Maternal PCOS and offspring risk of ASD K Kosidou et al RESULTS A higher proportion of mothers of ASD cases had a diagnosis of PCOS compared with mothers of non-cases (Table 1) . ASD cases were more likely to have an older father, a mother born outside of Sweden, parental history of psychiatric care before delivery, lower household income, lower parental education and obstetric complications (Table 1) . Maternal diagnosis of PCOS was associated with higher odds of ASD in both unadjusted and adjusted models ( Table 2) . Neither adjustment for obstetric complications (Model 3, Table 2 ) nor adjustment for use of assisted reproductive technology (sensitivity analyses, data not shown) substantially attenuate the OR for ASD. In sex-stratified analyses, ORs were similar for both boys and girls (Table 3) . In a secondary analysis, we found that associations of maternal PCOS with ASD with or without intellectual disability did not meaningfully differ, as indications of elevated risk were found with both outcomes (see Supplementary Information).
More women with PCOS had elevated BMI, as compared with women without PCOS. Among mothers with PCOS, 1.3% were underweight, 41.2% normal weight, 31.7% overweight and 25.7% obese. Corresponding proportions among mothers without PCOS were 3.8, 67.7, 20.9 and 7.6%, respectively.
Maternal diagnosis of PCOS was associated with higher odds of ASD in the subset of women with BMI data and ORs in unadjusted and adjusted models were similar compared with the whole study population ( Table 2 ). The ORs were attenuated but remained significant after adjustment for BMI (Models 4 and 5). Adjusting Model 5 further for hypertonia and diabetes or for birth order did not substantially attenuate the ORs for ASD (results not shown).
In stratified analysis, ORs were higher for mothers with PCOS and obesity compared with mothers with PCOS only (Table 4) . Power to examine mothers with PCOS and indications of metabolic syndrome as a separate group was limited by the small number of affected mothers, although statistical testing indicated a trend of increasing odds with increasing PCOS severity category. Likelihood-ratio testing for interaction between PCOS and obesity found no statistical evidence of an interaction in terms of risk for offspring ASD (results not shown).
DISCUSSION
To the best of our knowledge, this is the first population-based study with adequate power to examine the relationship between maternal diagnosis of PCOS and the risk of ASD in the offspring. We found that maternal diagnosis of PCOS increased the risk of ASD, even after adjusting for potential confounders. Obesity among women with PCOS appeared to further increase the risk of ASD in the offspring. The risk associated with PCOS was similar in males and females. A previous study by Palomba et al. 21 followed 30 pregnant women with PCOS and 45 healthy controls and scored their offspring on autism-rating scales. Although none of these women had a child with ASD, the study found higher autism-rating scores in daughters of mothers with PCOS, whereas a nonsignificant trend was observed among their sons. Our study adds evidence of an association between maternal PCOS and the risk of clinically diagnosed ASD in the offspring, although we found that the association between maternal PCOS and ASD did not differ between sexes. Women with PCOS experience increased risk of infertility and a few prior studies have explored the relationship between maternal infertility and ASD. One study found no association between maternal infertility diagnoses, including PCOS, and maternally reported offspring ASD. 23 Similarly in Abbreviations: ASD, autism spectrum disorder; BMI, body mass index; PCOS, polycystic ovary syndrome.
Maternal PCOS and offspring risk of ASD K Kosidou et al another study, no association was found between maternal hormonal infertility and offspring ASD. 22 However, neither of these studies had adequate numbers of mothers with PCOS and the latter grouped PCOS with other maternal hormonal conditions. Interestingly, two previous studies have examined the hypothesis of comorbidity between PCOS and autism. Ingudomnukul et al. 39 found PCOS to be more commonly reported by women with ASD but not by mothers of children with ASD, although lack of statistical power could potentially explain this equivocal finding. The finding of a higher prevalence of PCOS among women with a diagnosis of ASD was not replicated in a recent study by Pohl et al., 40 although the authors attributed this to a possible underdiagnosis of PCOS in ASD women. However, Pohl et al. found that other androgen-related medical conditions were more common in females with ASD, including precocious puberty, early growth spurt and reproductive dysfunction, similar to reproductive and developmental disturbances that have been reported in daughters of women with PCOS. 41 These studies support the hypothesis that elevated prenatal androgens, such as testosterone, may contribute to ASD in both sexes. 16 Prenatal androgens may contribute to the development of autism as they shape neurological development through lasting organizational effects on pre-and postnatal brain development and/or fetal epigenetic programming. 5 For example, sex steroids may affect neuronal density and dendritic morphology 42 that are thought to be atypical in autism. 43, 44 Sex steroids also exert epigenetic influences that may result in altered neuronal development and aberrant synapse function and morphology. 45, 46 Most women with PCOS have clinical hyperandrogenemia, which is aggravated by obesity. 34, 35, [47] [48] [49] [50] [51] PCOS could, therefore, provide a potential source of androgen excess for the fetus, although this is less clear. Circulating levels of androgens are increased during gestation in women with PCOS 52 and there are reports that newborns of women with PCOS have atypical levels of sex steroids. [53] [54] [55] Barry et al. 54 demonstrated higher testosterone levels in cord blood of newborn females of mothers with PCOS, but Maliqueo et al. 55 did not replicate this finding. Maliqueo et al. found that placentas of women with PCOS show abnormal steroidogenic activity and increased capacity for producing androgens that could potentially contribute to fetal androgen exposure. This is supported by evidence that daughters of mothers with PCOS show alterations in ovarian and metabolic function that are related to prenatal androgen programming. 41, 56, 57 Women with PCOS exhibit insulin resistance and increased insulin resistance during gestation. 52, 58 Gestational hyperinsulinemia is associated with abnormal placental steroidogenesis, 59 hyperandrogenemia 60 and increased testosterone in amniotic fluid. 61 Further investigation is required to determine how the hormonal and metabolic disturbances in women with PCOS might affect fetal neurodevelopment.
Baron-Cohen et al. 17 examined amniotic fluid samples from children with a clinical diagnosis of ASD and healthy controls and found elevations among ASD cases in levels of all hormones along the Δ4 sex-steroid biosynthetic pathway, including progesterone, 17a-hydroxy-progesterone, androstenedione, testosterone and cortisol. The authors concluded that there is a broadly elevated fetal steroidogenic activity in autism rather than the abnormality being restricted to a specific hormone. Dysregulation of the Δ4 as well as the Δ5 steroidogenic pathways has also been reported in PCOS and studies among women with PCOS have found abnormalities in levels of the cytochrome P450-containing enzymes that mediate the conversion of hormones along these pathways. [62] [63] [64] Dysregulated steroidogenic activity and elevated androgens might thus explain an association between maternal PCOS and offspring autism.
As an alternative and potentially complementary explanation, the association between maternal PCOS and the risk of ASD could be explained by genetic influences related to sex steroids that are common for PCOS and autism. For example, the gene encoding the cytochrome P450-containing enzyme CYP17 that catalyzes conversions of hormones along the Δ4 pathway has been Metabolic syndrome defined as obesity and a diagnosis of essential hypertonia and/or diabetes.
Maternal PCOS and offspring risk of ASD K Kosidou et al associated with both autism 65 and PCOS, 66 although the evidence is inconclusive. 13, 67 Elevated BMI is a clinical feature of PCOS and obesity was common among mothers with PCOS in our study. In women with PCOS, obesity is closely related to hyperinsulinemia that may increase P450-enzymatic activity and lead to hyperandrogenemia. 68, 69 Hyperandrogenism contributes to adiposity in PCOS and obesity in turn exacerbates hormonal and metabolic disturbances of PCOS. 34 Studies have demonstrated that obese women with PCOS have decreased sex hormone-binding globulin, increased total testosterone and increased free androgen index, as compared with their normal weight counterparts. 34, 49, 50 Hyperandrogenism in women with PCOS is also associated with worse cardiometabolic profile. [34] [35] [36] Our finding that obesity among mothers with PCOS further increased the risk of offspring ASD provides some evidence that the maternal metabolic and hormonal environment in PCOS, rather than shared genetic influences, is likely to contribute to the risk of ASD. There was a trend in risk for ASD with worsening cardiometabolic profiles of mothers with PCOS in our study, although this analysis was based on small numbers of women with PCOS, obesity and other features of the metabolic syndrome.
Elevated pre-pregnancy BMI has been independently associated with the risk of offspring ASD in population-level studies. 37, 70 However, a recent Swedish study indicated that BMI might be a proxy marker for other familial risk factors, since the relationship between maternal elevated BMI and ASD risk was not apparent in sibling analyses. 37 Adjusting for BMI attenuated, but did not fully explain, the relationship between PCOS and the risk of ASD in our study. Given the bidirectional relationship between adiposity and hyperandrogenism in PCOS and non-PCOS populations, 71, 72 the results of adjusting for BMI should be interpreted with caution because of the risk of overadjustment. It might also be that genetic factors or other familial influences shared between PCOS and adiposity are related to the risk of ASD in the offspring.
Strengths of the study include the large, population-based sample, validated ASD case ascertainment 3, 25 and adjustment for a range of possible confounders. Our study has limitations. Women with PCOS not seeking medical assistance for symptoms of the syndrome would be misclassified as not having the disorder. The prevalence of PCOS that we found was lower than the estimated population prevalence for PCOS. Although registerbased diagnoses are objective and not subject to recall bias, we might have captured women with more severe PCOS as exposed and the findings may not be generalizable to all women with PCOS. Fertility treatments are common among women with PCOS and we were able to adjust for use of in vitro fertilization and intracytoplasmic injection. However, we did not use information on ovulation induction therapies that have been associated with ASD in previous studies. 23, 73 Thus, mediation by use of ovulationinducing drugs cannot be ruled out. PCOS accounts for~80% of clinical hypernadrogenemia in general population. 74 Although most patients with PCOS have clinical hyperandrogenemia, non-hyperandrogenic PCOS cases also exist. Misclassification of women with hyperandrogenemia as non-exposed and of non-hyperandrogenic women with PCOS as exposed might lead to an underestimation of the association, if hyperandrogenemia is, as hypothesized, the biological link between PCOS and ASD. Nevertheless, we found that a diagnosis of PCOS increases the risk of clinically overt ASD in the offspring. Data on BMI were available only for a subsample of the study population. However, we found few differences between women with and without baseline BMI data in characteristics such as socioeconomic factors, suggesting that the BMI data are missing at random. 37 Finally, it was not possible to characterize risks amongst offspring of women with PCOS and other aspects of the metabolic syndrome, due to the limited number of women with these diagnoses.
In conclusion, the present study provides evidence that children of mothers with PCOS have an increased risk of developing ASD, regardless of sex. Our results support that early life androgen exposure may be important for the development of autism in both sexes and call for further research on the mechanisms involving sex steroids in the etiology of ASD.
